Abstract. A series of cross-linked waterborne polyurethane/hexamethoxymethylmel-amine-carbon nanotube nanocomposites (WBPU/HMMM-CNT) were synthesized using carboxylic group functionalized CNT. The carboxylic groups on CNT were reacted with the methoxy groups of HMMM to get bonded HMMM-CNT. Unreacted methoxy group of HMMM-CNT was crosslinked with the carboxylic acid salt groups of WBPU and made crosslinked WBPU/HMMM-CNT nanocomposite. The mechanical properties (tensile strength and Young's modulus) of conventional WBPU, crosslinked WBPU/HMMM, WBPU/CNT and WBPU/HMMM-CNT nanocomposites were compared under three conditions: untreated, wet and dried. It was observed that the mechanical properties of the crosslinked WBPU/HMMM-CNT nanocomposites were the least affected by water compared to conventional WBPU, crosslinked WBPU/HMMM, and WBPU/CNT nanocomposites.
Introduction
Waterborne polyurethane (WBPU) is an important environmentally friendly polymer since only water is evolved during the drying stage. This material has a wide range of applications in construction, automotive, packaging, transportation, electronics, textiles, tape, paper, and footwear industries [1] [2] [3] [4] [5] . Unfortunately WBPU is inferior with respect to chemical resistance, thermal resistance, and mechanical properties (tensile strength and initial modulus) as compared with solvent-based polyurethanes [2] [3] [4] . There have been many studies that address some of these disadvantages. To minimize the above disadvantages significant efforts were made during the last decade using various approaches. Kwak et al. [6] studied the effect of dimethylol propionic acid (DMPA) content on the tensile strength and adhesive strength of WBPU. They showed that tensile strength and adhesive strength increases with increasing DMPA content. Yang et al. [7] studied the effects of different types of neutralizing agents on the tensile strength and adhesive strength of polycaprolactone based WBPU. The tensile strength and adhesive strength was maximized when the DMPA was fully neutralized during the preparation of WBPU material. Kim and Kim [8] studied the tensile strength, water resistance and adhesive strength of various polyester polyol based WBPU. In our previous work [1] , we were able to improve the tensile strength, water resistance and adhesive strength of WBPU in several ways, such as increasing DMPA content, using polytetramethylene adipate glycol [1, 2] , incorporating an aliphatic hardener [9] and making nanocomposites [10] [11] [12] .
Crosslinking is another promising technique for increasing the tensile strength, water resistance and adhesive strength of WBPU [4, 5] . Hexamethoxymethylmelamine (HMMM), in the presence of catalyst, can cross-linked to hydroxyl, carboxyl, and amide groups present in alkyds, polyesters, acrylics, epoxies, and urethanes [13, 15] . It has many advantages, like, the crosslinking process is economical, fast, solvent free, stable, and widely compatible with other polymers. Additionally, the cross linker is soluble in various resins and the resulting WBPU has excellent hardness and film flexibility [4] .
Polyurethanes are being used in marine boats, vessels, ships, and offshore drilling platforms for deck grates as coatings to provide waterproof surfaces. These coatings undergo much wear and tear from being in water and being subjected to various weather conditions. These polyurethane coatings are synthesized using large amount of organic volatile solvents. Nowadays this type of polyurethane is being restricted due to emission of harmful organic moieties. People are searching for an alternative coating material which can fulfill the adequate water resistivity with sufficient mechanical strength and the synthesis scheme follows the environmental regulations (less organic volatile solvent). Thus interests grow on environment friendly WBPU coating for this sector. Unfortunately, there have not been any systematic analyses of these WBPU, cross-linkable WBPU and WBPU nanocomposites under adverse conditions such as after dipped in water or after dried the films. In this report, we synthesized cross-linked WBPU/HMMM-CNT nanocomposite and compared the properties (mechanical properties, glass transition temperature (Tg) and water resistance) with conventional WBPU, cross-linkable WBPU/HMMM and WBPU/CNT nanocomposite. The mechanical properties (tensile strength, and Young's modulus) were also compared under three conditions: untreated, wet and dried. The differential scanning calorimetry (DSC) was also applied to characterize the polymer under these three conditions.
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Preparation of WBPU Dispersion. WBPU dispersion was prepared as described in our previous report [1] . Preparation of the WBPU/CNT Nanocomposite Dispersions. WBPU/CNT nanocomposite dispersions were prepared as described in our previous report [12] . Terathane was degassed under neutralization, distilled water (70 wt%) was added to the reaction mixture with vigorous stirring (1300-1500 rpm). The CNT-water dispersion was prepared according to our previous reports [10, 12] and added in the dispersion step. The WBPU/CNT dispersion was chain-extended by dropping EDA/H 2 O mixture at 40 C for 1 h, and the reaction continued until the NCO peak (2260-2280 cm -1 ) in the IR spectra had disappeared completely. After evaporation of MEK, the WBPU/CNT nanocomposite dispersions were obtained.
Preparation of the Cross-linkable WBPU/HMMM Dispersion. Crosslinked WBPU/HMMM dispersion was prepared as described in our previous report [5] . The neutralized prepolymer was prepared as described in our previous report for conventional WBPU dispersion [5] . Distilled water (70 wt%) was then added to the reaction mixture under vigorous stirring (1300 to 1500 rpm). The catalyst, p-toluene sulfonic acid (dissolved in MEK), and HMMM (dissolved in water) were separately added to the dispersion at 50 °C. EDA (in water) was added dropwise to the dispersion at 40 °C for 1 h, and the reaction was allowed to continue until the NCO peak (2260-2280 cm Nano Hybrids Vol. 7 93 the samples. To evaluate the effect of swelled water on mechanical properties the film was dipped in water for 24 h. The wet films were also dried fully (about 48 h at 60 °C) to remove the swelled water, and measured the mechanical properties. The T m and heat of fusion of the film was analyzed by differential scanning calorimetry (DSC, model 220C, Seiko, Chibas, Japan).
Results and Discussion
The modification of the CNTs and the subsequent fabrication of nanocomposites are shown in Scheme 1. The compositions of conventional WBPU, WBPU/CNT nanocomposites, WBPU/HMMM and WBPU/HMMM-CNT nanocomposites are summarized in Table 1 . The functionalized CNT, HMMM-CNT, WBPU, WBPU/CNT, WBPU/HMMM and WBPU/HMMM-CNT all were characterized by FTIR, (see Fig. 1 and 2). , which we attributed to the new carbonyl (C O) stretching attached to the HMMM (Fig. 1B) . However, the characteristic acid carbonyl (C O) peak at 1726 cm −1 does not fully disappear implying that some unreacted carboxylic acid groups still remain on the CNT surface. The peak at 1566 cm −1 is associated with N-H stretching and the vibration of the carbon skeleton in CNTs, and the peak around 1232 cm −1 is attributable to the C-N stretching. There are also some additional bands at 1551, 1482, 815 and 744 cm -1 corresponding to activity of the melamine derivative [17, 18] . The band at 815 cm -1 is due to the out-of-plane ring deformation and another intense band around 1551cm -1 is attributable to the N-C-N bending and ring deformation. The presence of a peak at 1482 cm -1 confirms the existence of some unreacted methoxy group in the HMMM-CNT dispersion [5] . Here, HMMM-CNT was prepared with a fixed amount of HMMM and a varied amount of CNT. The reactivity of the methoxy group of HMMM with CNT-COOH is unclear presently; additionally, their exact stoichiometric ratio is not known.
Consequently, more studies are needed for better understanding of the mechanism. The spectrum of the WBPU (Fig. 2A) shows the characteristic polyurethane peaks, including the N-H peak at 3321 cm -1 and the C=O peak at 1707 cm -1 [1, 2] . The spectrum of the WBPU/CNT nanocomposite is shown in Fig. 2B . There are no noticeable differences between the spectra of WBPU and WBPU/CNT. To identify the CNT dispersion in WBPU/CNT nanocomposite we used transmission electron microscopy (TEM), which is being described in next section. The IR spectrum of crosslinked WBPU/HMMM is also shown in Fig. 2C . The characteristic polyurethane peaks (the Nano Hybrids Vol. 7 95 aforementioned NH and CO peak) as well as the melamine peak in the spectrum confirm that WBPU/HMMM is indeed crosslinked [4, 5] . To identify the crosslinking reaction of HMMM-CNT with the carboxyl acid salt group of WBPU, the IR spectra were also analyzed (Fig. 2D) . The IR spectrum of crosslinked WBPU/HMMM-CNT nanocomposite shows all the characteristic polyurethane peaks, including the N-H peak at 3321 cm -1 and the C=O peak at 1707 cm -1 for the urethane group of polyurethane as well as melamine characteristic peaks at 1551, 1482, 815 and 744 cm -1 [18] . Above the optimal content, the CNTs mainly aggregated in both nanocomposites (Fig. 3) . CNTs have a tendency to aggregate in nanocomposites due to van der Waals interactions between the nanotubes [19] . This interaction can be broken by different methods such as importing various functional groups to the CNT surface, crosslinking CNT functional groups, and increasing the interaction within the carboxylic acid salt groups [10, 12, 20] . In HMMM-CNT, the CNT (carboxylic Nano Hybrids Vol. 7group) reacted with HMMM-methoxy group and thus made a distance between the CNT tubes.
When the HMMM-CNT crosslinked with carboxylic acid salt group in WBPU/HMMM-CNT nanocomposite, the CNT keep the distance between the tubes and thus decrease the tendency of interaction between CNT tubes. This resulted in higher CNT loading (0.75 wt%) in crosslinked WBPU/HMMM-CNT nanocomposites, which represents an increase in homogenous CNT loading of about 50% comparing to conventional WBPU/CNT nanocomposite. Table 2 . There were two peaks (Fig.   4 ) which can be ascribed to the T g of the soft and hard segments. The dominant peak at around 108-110 °C represents the T g of the hard segment and the weak broad peak at around -52 °C to -48 °C represents the T g of the soft segment. The T g values of both segments in WBPU/HMMM are higher than those in pristine WBPU (see Table 2 ). This can be ascribed to the crosslinking of the methoxy 98 Nano Hybrids Vol. 7
group of HMMM with the carboxylic acid salt group in WBPU [4] . The T g values in the WBPU/CNT nanocomposite are also higher than those for pristine WBPU; and also T g values increase with increasing CNT content. The high T g value at small CNT loading may have resulted from the strong interaction between the CNT and the polymer matrix [10] . With inclusion of HMMM-CNT in nanocomposite, the T g values increased significantly compared to those for pristine WBPU, WBPU/HMMM, and WBPU/CNT. The crosslinking as well as the CNT reinforcement further increased the T g values of the nanocomposites. The increase in T g values demonstrates the decreased amount of free volume [20, 21] in crosslinked WBPU/HMMM-CNT nanocomposites. The free volume is an important parameter for polymers as the water resistance of polymer films varies with the amount of free volume. It is reported that the water resistivity of polymer films increases as the amount of free volume decreases [22] . Therefore, the synthesized crosslinked WBPU/HMMM-CNT nanocomposite can be used as a protective resin for water. 
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The viscoelastic properties of the films were also characterized by using DMTA analysis. Fig. 5 shows the storage module (E 0 ) as a function of temperature of polymer with different compositions.
These curves show three different zones: (i) at low temperature up to about -60 °C is the zone of the glassy region, in which the storage modulus is high and it does not vary as temperature increases; (ii) the glass transition region and (iii) the rubber plateau followed by a drop of the storage modulus due to the melting of the soft segments. The WBPU, WBPU-HMMM, WBPU/CNT (with different CNT)
and WBPU/HMMM-CNT nanocomposite (with different CNT/HMMM-CNT contents) show relatively similar curves (not shown). However, the storage modulus of WBPU/HMMM-CNT nanocomposites is higher than this for any of conventional WBPU, WBPU/HMMM, and WBPU/CNT nanocomposites. This might be due to the higher stiffening effect of jointly rigid CNT and crosslinking HMMM. The higher storage modulus of WBPU/HMMM-CNT nanocomposites implies that the molecular motions of these polymers chain are restricted than this for any other polymers (WBPU, WBPU/HMMM, WBPU/CNT) [10] . It is reported elsewhere that the water resistivity of polymer film decreased by increasing stiffness of polymer chain [23] . Thus the WBPU/HMMM-CNT nanocomposites can be used as a water protecting resin. 
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Determining the amount (%) of swelling in a polymer after being in water is a good method to determine its water resistance. All of the films had a tendency to swell after being dipped in water (see Table 2 ). However, the swelling rate was different for each sample. The crosslinked WBPU/HMMM-CNT nanocomposites, the crosslinked WBPU/HMMM and the conventional WBPU/CNT nanocomposites all showed higher water resistivity by absorbing less water comparing to this for conventional WBPU. The crosslinked WBPU/HMMM showed higher water resistivity due to the compact structure of the films made by crosslinking [23] . The conventional WBPU/CNT nanocomposites also showed higher water resistance due to having a structure with less free volume.
The maximum water resistance of the nanocomposites was found at an optimal CNT content of 0.50 wt%. At this concentration, the nanocomposites may have the least free volume and maximally compacted structure. Crosslinking (from HMMM) and reinforcement (from CNT) enable the crosslinked WBPU/HMMM-CNT nanocomposites to have the highest water resistance. Among all of the samples, due to having the highest number of stiff molecular chains for CNT reinforcement and HMMM crosslinking and the lowest amount of free volume (confirmed by DMTA), the water uptake (%) was lowest for the film with the optimal HMMM-CNT content (Table 2) , i.e., the water resistivity was highest in crosslinked WBPU/HMMM-CNT nanocomposites with the optimal HMMM-CNT content.
The mechanical properties are summarized in Table 3 slightly with increasing HMMM-CNT content up to the optimal content; above the optimal point, the elongation at break (%) decreased rapidly with increasing HMMM-CNT content. The higher tensile strength and Young's modulus of the crosslinked WBPU/HMMM-CNT nanocomposite film were observed with a optimum HMMM-CNT content due to the strong interaction between the CNTs and the polymer as well as due to polyurethane crosslinking between the two chains [10, 12] . The lower tensile strength and Young's modulus values of the nanocomposite film with a HMMM-CNT concentration above the optimal content is due to the aggregation of excess CNT in crosslinked WBPU/HMMM-CNT nanocomposite film [10, 12] . At this composition [WBPU/HMMM-CNT (0.75 wt%)], the tensile strength and Young's modulus were, respectively, 48% and 400% higher than those for pristine WBPU. We evaluated the mechanical properties of the films after they were dipped in water and after they were dried. The tensile strength, Young's modulus and elongation at break (%) decreased after being in water for all of the films. However, the rate at which these mechanical properties decreased were not the same. The values for conventional WBPU film decreased most rapidly due to swelling from the water compared to the values for crosslinked WBPU/HMMM and WBPU/CNT nanocomposite and to those for crosslinked WBPU/CNT-HMMM nanocomposites. The film with strength parameters that decreased (8%) the slowest was the crosslinked WBPU/CNT-HMMM nanocomposite with optimal HMMM-CNT content, as expected from its minimal swelling from the water. Thus, the WBPU/HMMM-CNT (0.75 wt%)
nanocomposite had the highest mechanical resistance (tensile strength and Young's modulus) under water among all of the samples.
We also checked the mechanical properties of the samples after they were dried (see Table 3 ).
Interestingly, the tensile strength, Young's modulus and elongation at break (%) values for each crosslinked WBPU/HMMM-CNT nanocomposite films recovered maxima after drying and were comparable to those for untreated samples. The conventional WBPU film had the lowest values to recover the tensile strength and Young's modulus. The dried crosslinked WBPU/HMMM and WBPU/CNT nanocomposites had higher mechanical strength values than the wet samples but significantly lower values than the untreated samples. The fact that crosslinked WBPU/HMMM-CNT nanocomposites recovered highest in strength implies that these were less affected by water.
The tensile strength was almost fully recovered with optimal HMMM-CNT content in crosslinked WBPU/HMMM-CNT nanocomposite implies that this film is barely affected by water among all of the films and maintained this original mechanical strength.
We applied the DSC technique (Fig. 6 ) to analyze the structure of the films under the three conditions (untreated, wet, and dried). We selected one sample (the sample which has the optimal content) from each series to analyze its T m and heat of fusion. The resulting values are summarized in Table 4 . We observed that the untreated, wet and dried crosslinked WBPU/HMMM-CNT nanocomposite film had similar DSC curves and T m values, except for one small peak appearing at 0 °C for water in the wet sample. For the conventional WBPU, the T m fully disappeared at wet and dried conditions. Again, the wet sample had a large peak at 0 °C for water, and disappeared for the dried sample. The dried sample also did not yield a melting temperature, implying that the crystalline structure of conventional WBPU was damaged in presence of water and was not recovered after drying [24, 25] .
Nano Hybrids Vol. 7 The WBPU/HMMM and WBPU/CNT samples had low heat of fusion (see Table 4 ) and confirmed their crystalline structures also being destroyed by water. The synthesized crosslinked WBPU/HMMM-CNT maintained its original structure even under the adverse conditions of being dipped in water and then dried. It is well known that the absorbed water in polymer can be remained in three states such as free water, freezable bound water and non-freezable bound water [26, 27] . The endothermic peak at 0 °C is only for free water. After drying the peak at 0 °C was fully disappeared for conventional WBPU. Disappearance of melting temperature also implied that some was boundwater which damages the crystalline structure. Thus the polymer structure was changed to almost amorphous. The T m of crosslinked WBPU/HMMM-CNT nanocomposite still remains in wet and dry condition. Moreover, the endothermic peak for water was disappeared by heating implied that the absorbed water in this nanocomposite mainly free water which could not damage the crystalline The above discussion suggests that the synthesized crosslinked WBPU/HMMM-CNT nanocomposite can absorb less water (mainly free water) and hence the tensile strength was slightly affected after dipped in water. The absorbed free water cannot damage the crystalline structure of this crosslinked nanocomposite. Generally the equilibrium water uptake by any polymeric system involves sorption, diffusion, and permeation processes. Sorption is a surface phenomenon and indicates the affinity of the material to water molecules, which is dependent on the chemical characteristics of the sample surface. Diffusion is the process where the penetrant moves through the polymer depending on the polymer relaxation process. The permeability represents the combined effect of the diffusivity as well as the solubility or sorptivity of the penetrant in a polymer. Besides, the uptake of any solvent by a polymeric system depends on the temperature, molecular weight and size of the solvent molecule, the cross-linking density and composition of the nanocomposites, the polymer/solvent interaction, as well as the microstructure of the nanocomposites [28] [29] [30] . The less water swelling of synthesized crosslinked nanocomposite might be due to less diffusion coefficient and permeability coefficient. The decrease in diffusion coefficient with CNTs can be ascribed to the resistance to water diffusion due to CNTs. Permeability coefficient decreases with CNTs as they hinder the movement of water molecules between the polymer chains. The cross-linked system made the polymer surface less interactive with the water molecules. Moreover, the swelled water is mainly free water, which could not change the molecular structure as well as crystallinity and this water can be removed easily by drying. Therefore, the cross-linked nanocomposites have significantly lower sorption owing to the combined effect of cross-linking and presence of CNTs. Combination of these Nano Hybrids Vol. 7
factors made the crosslinked WBPU/HMMMCNT nanocomposite less water sensitive, and the mechanical properties were very slightly affected after dipped in water and recovered the values after drying. We compare schematically the water swelling of conventional WBPU and crosslinked WBPU/HMMM-CNT nanocomposite in Fig. 7 . The synthesized crosslinked WBPU/HMMM-CNT nanocomposite maintained its original mechanically strong structure even under the adverse conditions of being dipped in water and then dried and hence has the highest water resistance as well as perform tensile strength similar to untreated sample. It can thus be considered to be a potential water-resistant coating for various applications. 
Conclusion
We have successfully synthesized crosslinked WBPU/HMMM-CNT nanocomposites and compared their properties with those for conventional WBPU, crosslinked WBPU/HMMM, and WBPU/CNT nanocomposite. The tensile strength and Young's modulus of the crosslinked WBPU/HMMM-CNT nanocomposite film increased 48% and 400% respectively, compared to those fo conventional WBPU. Only the crosslinked WBPU/HMMM-CNT nanocomposite showed the significant mechanical properties (tensile strength and Young's modulus) in both wet and dry condition. Due to its higher water resistance as well as higher tensile strength and Young's modulus even after being in water, the crosslinked WBPU/HMMM-CNT nanocomposite can be treated a potential waterresistant coating material and can be applied to many applications to broadened environmentally friendly coating.
